Abstract: Metamaterials have been characterized by effective medium parameters over the past decades due to the subwavelength nature of meta-atoms. Once the metamaterials are fabricated, their functions become fixed or tunable. Recently, the concept of digital metamaterials has been introduced, in which, for instance, the constitutive 1-bit meta-atom is digitalized as "0" or "1" corresponding to two opposite electromagnetic (EM) responses. The digital metamaterials set up a bridge between the physical world and the information world. More interestingly, when the digital meta-atom is programmable, a single metamaterial can be used to realize different functions when programmed with different coding sequences. Moreover, as the states of programmable meta-atoms can be quickly switched, it enables the wave-based information coding and processing on the physical level of metamaterials in real time. For these reasons, we prefer to call digital metamaterials with programmable meta-atoms as "information metamaterials." In this review article, we introduce two basic principles for information metamaterials: Shannon entropy on metamaterials to measure the information capacity quantitatively and digital convolution on metamaterials to manipulate the beam steering. Afterwards, two proof-of-concept imaging systems based on information metamaterials, i.e. programmable hologram and programmable imager, are presented, showing more powerful abilities than the traditional counterparts. Furthermore, we discuss the time-modulated information metamaterial that enables efficient and accurate manipulations of spectral harmonic distributions and brings new physical phenomena such as frequency cloaking and velocity illusion. As a relevant application of time-modulated information metamaterials, we propose a novel architecture of wireless communication, which simplifies the modern wireless communication system. Finally, the future trends of information metamaterials are predicted.
Introduction
Since the publication of the pioneering works of Pendry et al. [1] and Smith et al. [2, 3] 20 years ago, metamaterials have received worldwide attention in the fields of science, engineering and military, fundamentally refreshing peoples' insights into the physical mechanism of electromagnetics (EM). The metamaterials (from the Greek word μετά, meaning "beyond" [https://en.wikipedia.org/ wiki/Metamaterial]) consist of an array of artificial atoms on the scale of subwavelength, which are engineered to have properties that cannot be found in natural materials. When the metamaterials are ultrathin compared with the working wavelength, i.e. the array of artificial atoms is two-dimensional (2D), they are usually referred to as the metasurfaces [4, 5] . Owing to the property of 2D structure, the metasurfaces exhibit three major advantages over bulk metamaterials. First, they are of easy-implementation with commercial technologies over almost the entire EM frequencies. For instance, they can be easily fabricated using the well-developed printed circuit board (PCB) technology in microwave. Second, they have the very high efficiency (nearly 100% efficiency) and the ignorable life time of EM interaction. Third, they are easily conformal to arbitrarily-shaped objects, leading to the promising potential in future wearable devices. Moreover, the metamaterials are usually called the metalines if the array of artificial atoms is one-dimensional (1D) [6, 7] . Due to their unique capability in manipulating arbitrarily EM wavefields, the metamaterials have elicited many exciting physical phenomena and functional devices, such as negative refractions [2, 3, 8] , perfect absorbers [9] , perfect lenses [10] , subwavelength focusing and imaging [11] , invisibility cloaking [12] and holograms [13, 14] .
By now, the metamaterials have evolved into a big family that includes many interesting members, such as plasmonic metamaterials [15] [16] [17] [18] , Huygens' metamaterials [19, 20] , tunable metamaterials [21] [22] [23] , coding metamaterials [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] , programmable metamaterials [24, 28, 31, 32] and so on. Roughly speaking, they can be categorized into two big groups, namely, analogy metamaterials and digital metamaterials [42, 43] . Several comprehensive review papers and textbooks on analogy metamaterials are recommended to the readers of interest [33] [34] [35] [36] [37] [38] . The analogy metamaterials are described by effective medium theory, in which the constitutive parameters are continuous. In contrast, the digital metamaterials are characterized in a simpler manner, where the constitutive meta-atoms are designated and characterized with finite digital states, for instance, "0" and "1" for the 1-bit metaatom. The concept of digital metamaterials was independently introduced by Cui et al. [24] and Giovampaola and Engheta [25] in 2014, inspired by the idea of digital circuits and signals. Although both works adopted the terminology of digital metamaterials, they are remarkably different in understanding and designing metamaterials. Specifically, Giovampaola and Engheta used the mixture of digital meta-atoms, referred to as metamaterial bits or bytes in [25] , to construct the analogy metamaterials. In this sense, they performed essentially the analysis and synthesis of digital metamaterials with effective medium theory. By contrast, Cui et al. characterized the metaatoms with the quantized EM responses, which in spirit are closer to the digital concept used in digital circuits and signals [24] . In this way, the digital metamaterials could set up a bridge between the physical world and information world. They exhibit three important advantages over analogy metamaterials. First, they are more flexible in the analysis and synthesis of metamaterials. Taking the 1-bit digital metamaterial as an example, it is composed of two kinds of meta-atoms, and the meta-atom is digitalized as "0" or "1" corresponding to two opposite electromagnetic (EM) responses. Second, when the meta-atom is programmable, a single metamaterial can be used to realize different functions when programmed with different coding sequences. Moreover, as the digital states of programmable meta-atoms can be quickly switched, a single metamaterial enables the wave-based information coding and processing on the physical level of metamaterials in real time. Third, the meta-atoms of digital metamaterials can be assigned with certain digital information, implying that the digital information can be encoded into the metamaterials, which can fundamentally push the metamaterials towards the information microsystems. Thus, it can be safely said that the breakthroughs enabled by the digital metamaterials with programmable meta-atoms are transforming how the EM information are acquired, processed and communicated. For these reasons, we prefer to call the digital metamaterials with programmable meta-atoms as the "information metamaterials." Here, we would like to provide a description on the information metamaterial as follows:
The information metamaterial is the digital metamaterial with programmable meta-atoms, which essentially works as the wave-based information system. After being programmed with the coding sequence, the information metamaterial can perform various tasks, including not only the information coding and processing on the physical level of metamaterials, but also the wavebased data acquisition, computation and data processing by the interaction between the EM wavefield with metamaterials in real time.
In this article, we will present a survey on the basic concepts and principles of information metamaterials, showing their powerful capabilities in manipulating EM wavefields. In Section 2, the digital representation, radiation pattern and information entropy of information metamaterials are detailed. Then, the convolutional theorem dedicated especially for information metasurfaces are discussed, which can pave a simple way for the design of coding patterns of information metamaterials. Afterwards, two novel information systems based on information metamaterials are discussed, i.e. programmable holograms and programmable imager. After that, the time-space-coding information metasurfaces developed recently are reviewed, which give rise to some interesting physical phonemes and novel functional devices. As a relevant application of time-modulated information metasurfaces, we propose and realize a novel architecture of wireless communication, which simplifies the modern communication system. Finally, we summarize and give future trends of the information metamaterials.
Concept, principle and design of information metamaterials
The information metamaterial is the digital metamaterial with programmable meta-atoms, which is more emphasized on the unique capability of field programming, such that the EM information coding and processing can be dynamically operated. In this section, we elaborate on the information metamaterial in terms of its concept, working mechanism and design strategy.
Design of information metamaterials
The information metamaterial is an array of controllable meta-atoms, and each meta-atom has digital EM responses that can be controlled by changing its applied sources, such as the DC voltage, the illumination light intensity and the temperature. For instance, the 1-bit information metamaterial can be composed of two kinds of phased metaatoms, i.e. "0" and "1" corresponding to the "0" and "π" of the reflection phase, respectively. Note that the binary code is not necessarily restricted into the reflection responses, but can also represent the phase or amplitude of EM transmission, leading to transmission-type information metamaterials. Moreover, the binary digital code can represent two different kinds of EM boundaries, like the magnetic or electrical boundary. Likewise, the 2-bit information metamaterial can be constructed by four kinds of phased meta-atoms, i.e. "00," "01," "10" and "11" which have "0," "π/2," "π" and "3π/2" reflection phases, respectively. Figure 1A is the photograph of the first 1-bit reflection-type information metasurface proposed by Cui et al. [24] . Figure 1B shows the geometrical model of the metaatom, in which a PIN diode (Skyworks, SMP-1320) is used to realize the switching of the "0" and "1" states, leading to the 180° phase difference of EM reflections between them. Here, "0" means that the PIN diode is at "OFF" as the applied DC voltage is smaller than its threshold value, whereas the "1" is for "ON." Figure 1C is the simulated reflection phases of the designed meta-atom at the "ON" and "OFF" states, showing that the phase difference of EM reflection reaches 180° around 8.6 GHz. Additionally, the bias voltages of the meta-atoms are controlled by using the field programmable gate array (FPGA). The minimum recovery time of the PIN diode can be as small as 10 ns, The geometrical structure of unit cell, which behaves as "0" and "1" elements when the biased diode is "Off" and "On." (C) Top view of the meta-atom to realize information metasurface, in which the detailed geometrical parameters are given. (D) The frequency-dependent phase responses of the digital meta-atom as the biased diode is "Off" and "On" in a range of frequencies. Adapted from [24] . enabling a maximum radiation pattern changing speed with hundreds of MHz. By arranging these digital metaatoms with certain coding sequences on a 2D plane, one could obtain a coding metamaterial with certain functionality. As for the design of such programmable meta-atom, there are two major factors that can affect its performance. First, the imperfect quality of commercial PIN diode can cause not only the non-ideal 1-bit phase quantization, but also the frequency drift. Typically, a helpful guideline for choosing the radio-frequency PIN diode is that the isolation coefficient should be as big as possible, such that the PIN diode acts as an ideal switcher. Second, the gap at the bottom layer of the meta-atom will give rise to the radio-frequency signal leakage, which is responsible for the non-ideal 180° phase difference when the PIN diode is switched from ON (or OFF) to OFF (or ON).
It has become a consensus in the community of antenna researchers that the phased antenna array with phase quantization inevitably suffers from the quantization loss, implying that the multi-bit (at least 2 bit) quantization is necessary to manipulate the beam in a desirable way [44] . In this sense, this is also required in the multi-bit information metamaterials. By now, a few 2-bit reflectiontype information metamaterials in microwave have been proposed [45] [46] [47] , in which they all used two PIN diodes to generate four maximally-different phase states of reflection waves, as opposed to the use of one PIN diode in 1-bit information metamaterials. As an example, Figure 2A shows the photo of 2-bit information metasurface that is designed to work at the frequency around 3 GHz [47] . Each meta-atom can be independently tuned, and an incident illumination on metasurface with different coding sequences will result in different backward scattered fields. Figure 2B reports the designed meta-atom, with a size of 15 mm × 15 mm × 5.2 mm, which is composed of three subwavelength-scale square metallic patches printed on a dielectric substrate (Rogers 3010) with dielectric constant of 10.2. Any two adjacent patches are connected via a PIN diode (BAR 65-02L), and each PIN diode has two operation states controlled by the applied bias DC voltage. The combinations of these PIN diodes will generate four digital states with "00", "11", "01", and "10", whose simulation results of reflection amplitudes and phases are plotted in Figure 2C and D, respectively. It can be observed that the phase difference between two neighboring states falls in the range (90°−15°, 90°+15°) at the frequency of 3.23 GHz, when different combinations of states of PIN diodes are used. Note that the phase difference between two adjacent states is almost 90°, making the meta-atom constitute a 2-bit information metasurface. Here, we would like to say that it is not a trivial issue because multi-bit information metamaterials will involve more PIN diodes, leading to the complicated design algorithm, expensive hardware cost and impressive energy dissipation. Moreover, the greater the bit number of the information metamaterial, the smaller the working bandwidth becomes. Thus, there must be a trade-off between the number of quantization bit and the EM performance.
One inconvenient truth is that actively tunable building blocks, such as diodes, varactors and biased lines, must be individually controlled by a computer-assisted field programmable gate array and physically connected by electrical wires to the power suppliers. This issue becomes more formidable when more programmable meta-atoms are needed for advanced multi-functional devices. Recently, Jiang et al. proposed the concept of light-controllable information metasurfaces [48] , as shown in Figure 3A . Figure 3B shows the sketch map of the The illustration of the proposed light-controlled information metasurface in [48] . By remotely changing the intensity of the illumination light, the voltage generated by the photodiodes can be dynamically controlled. (D) Simulated reflection amplitudes and phases of the designed "0" and "1" element from 2.0 to 6.0 GHz, respectively. The yellow area presents the phase differences of the designed "0" and "1" element, ranging from 160° to 196°, when the frequency changes from 3.69 to 4.10 GHz. The two violet double arrow lines indicate the phase difference of the designed "0" element and "1" element. Obviously, the phase difference is ≈180° at 3.75 and 4.02 GHz. Adapted from [48] . meta-atom, in which a Skyworks SMV1405-079LF varactor diode and a BPW-34-S photodiode are used to remotely control the generation of desirable binary states. When being illuminated by light, the photodiode can provide the bias voltage for trigging the varactor diode. To excite the photodiode, Jiang et al. used an array of low-power lightemitting diodes (LEDs) as light source [48] . By changing the intensity of the light emitted by LEDs, the voltage generated by the photodiodes can be dynamically controlled. Figure 3C plots the measured relation of the bias voltage generated by the photodiode array and the intensity of illumination light. It is observed from Figure 3C that when the illumination intensity (EV) of LEDs increases gradually from 0 to 10 4 IX, the generated voltage changes from 0 to 23.0 V. Accordingly, when the varactor is driven by such a voltage, it can be estimated from the datasheet of varactor diode that the capacitance can be tuned from 2.67 to 0.77 pF. Consequently, the digital particle with CT = 2.67 pF as "0" unit and that with CT = 0.95 pF as "1" unit. More specifically, for CT = 2.67 pF and CT = 0.95 pF, the simulated amplitudes and phases of the reflection coefficient (S11) of the designed digital particles are shown in Figure 4D . It is observed that the phase difference between the CT = 2.67 pF curve and the CT = 0.95 pF curve ranges from 160° to 196° from 3.69 to 4.10 GHz (about 10.2% relative bandwidth) and approaches 180° at 3.75 and 4.02 GHz. In addition, at these two frequency points, the reflection amplitudes are larger than −1.22 dB and the largest reflection amplitude is −0.23 dB. Thus, the proposed dynamical remote-tuning metasurface paves a way for constructing unprecedented digital metasurfaces in a noncontact remote fashion.
Most of the phased information metamaterials are reflection-type metamaterials, which typically not only require the high-gain feed source, but also suffer from the feed blockage effect [49] [50] [51] [52] [53] [54] [55] [56] [57] . As the information metamaterial resembles the reconfigurable antenna, we could find possible solutions to this issue from the techniques developed in the transmit-arrays area. In the community of microwave antenna, various reconfigurable transmitarrays have been developed to mitigate the difficulties involved in the reconfigurable reflect-array by using the multilayered FSS [49] , microstrip line coupled patches [50] , or aperture-coupled stacked-patch [51] and so on. Moreover, the unit cells of reconfigurable antenna are combined with some tunable or switchable devices, such as varactors [52, 53] , RF-MEMS [54] , PIN diodes [55] [56] [57] , to electronically control the phase shift. For instance, Nguyen and Pichot further developed the X-band 1-bit transmission-type reconfigurable antenna developed by [57] . Different from the reflection-type information metamaterial where the feed lines of the DC controlling signals can be designed at the bottom layer of metamaterials, for the transmission-type information metamaterials, the effect on the EM performance from the bias lines must be carefully considered. Interestingly, Nguyen and Pichot numerically demonstrated that the bias lines in their transmission-type antenna have the ignorable influence on the EM radiation performance [57] . In principle, such strategies can be applicable to the design of the transmission-type information metamaterials.
Information metamaterials were initially proposed in the microwave due to the relatively easy fabrication and measurement. Such strategies have been applicable to other frequencies like terahertz, infrared and beyond by integrating other active elements and materials ( [58, 59] , and references in there). However, there are quite a few challenges that may hinder the further development of envisioned information metamaterials due to the fabrication limitation, especially at higher frequencies. Nonetheless, we noticed that some active metasurface designs have also been reported over the past few years. Some of them are controlled electrically, such as the broadband terahertz modulation using graphene based metasurface, tunable metamaterial absorber based on liquid crystals and the dynamic manipulation of infrared radiation using micro-electro-mechanical system (MEMS) metamaterials [59] . Unfortunately, all the metaatoms of these tunable metasurfaces are controlled as an entity, which does not meet the independent control requirement of programmable metamaterials. Chan et al. attempted to realize a spatial light modulator for terahertz wave by fabricating an active metasurface having 4 × 4 individual pixels, each consisting of multiple unit cells and being independently controlled by an applied voltage [58] . However, the scale of the current active metasurfaces with independent control of each superunit cell is still too small to allow the flexible control of the terahertz and infrared waves.
Radiation field representation of the information metamaterials
We provide here an approximate formula to calculate the EM wave arising from an information metasurface of
where the super-unit cell means that multiple adjacent meta-atoms are grouped together in a non-overlapped manner in order to suppress the EM coupling effect. In this way, the EM coupling effect among super-units can be ignorable, and the super-unit can be approximately treated to be physically independent. In addition, p n,m models the discrete dipole of the super-unit cell located at r n,m = (x n , y m ) and G 0 (r, r n,m ; ω) is the dyadic Green's function relating the dipole source at r n,m and its associated electrical field response at r. Accordingly, the far-field radiation pattern in the polar coordinate system reads [24] , 1 1 , ; exp{ sin [ ( 1)cos
where θ and ϕ are the elevation and azimuth angles, respectively. Cui et al. developed the first 1-bit information metasurface in the microwave, as shown in Figure 1 , which is composed of an array of 30 × 30 1-bit phase-coding meta-units. To simplify the layout design of the feeding lines, the 30 × 30 digital meta-atoms are divided into six groups, each having 5 × 30 digital meta-atoms and being independently controlled by the FPGA. Two radiation patterns from different coding sequences are illustrated in Figure 4A and B in order to demonstrate the field programmable ability of information metamaterial. For the "010101" coding sequence, the normally incident beam is deflected to two symmetrical directions (see Figure 4A) , whereas when the coding sequence changes to "001011," the radiation pattern becomes multiple beams (see Figure 4B ). Although the above only demonstrates the 1D case as a proof of concept as principle, it can be extended to the 2D information metamaterial, in which each metaatom is independently controlled by the FPGA. One of the challenges in designing the 2D information metamaterial is the feeding technique. Given that a large-scale 2D-programmable metamaterial consisting of N × N digital particles would have a total number of N 2 feeding lines [28, 60, 61] , it would be challenging to individually control them. A new feeding technique should be developed to reduce the required feeding lines [60, 61] .
Here, we would like to consider an example of the 2-bit information metasurface developed in [47] to show more flexibility in manipulating the EM radiation when the multi-bit meta-atoms are used. For instance, this 2-bit information metasurface can be used to achieve the dynamic manipulation of the human-body like radiation, the digit-like radiation, and the orbital angular momentum (OAM) beam. Such information metamaterial can be regarded as a multi-functional micro-system, and can be particularly used to realize the in-situ recognition of human body gesture ( Figure 5D ), the in-situ recognition of handwriting digit ( Figure 5E ), and the OAM-carrying communication ( Figure 5F ) only by changing its FPGA coding sequences without the need of changing hardware system. Here, we would like to point out one comment on this work. Due to the use of a large amount of independent PIN diodes, the 2-bit information metasurface tends to suffer from the very complicated design of the DC biased lines and associated controlling circuits, aside from the impressive energy dissipation. Thus, designing the largescale 2-bit information metasurface can be quite challenging. In this sense, it is desirable to design the advanced DC controlling blocks, which are directly responsible for the system complexity, the energy dissipation and the hardware cost.
Information entropy representation
Information metamaterials are information-carrying manmade materials, through which the EM information can be encoded and processed. In relation to these, a natural question arises: what is the information capacity of an information metamaterial? We discuss this issue from the perspective of information entropy by introducing the geometrical entropy and physical entropy and then establishing a theoretical relation between them. Here, the geometrical entropy is introduced to measure the information content of the coding pattern (or coding sequence), whereas the physical entropy is for the EM radiation pattern of metamaterial. Both the geometrical entropy and physical entropy are the straightforward extensions of the well-known Shannon entropy.
A wireless information system is typically composed of three parts: the transmitter, the receiver and the information transmission channel, as illustrated in Figure 6A . The modulated signal is transmitted into free space by the transmitter, passes through the attenuated wireless channel with multipath effect and noise interference, and is finally received by the receiver. As the information metamaterial can generate various radiation patterns by loading different coding sequences through the FPGA, it can be utilized as a carrier to deliver information to the far field. In this regard, the information metamaterial with dynamically changing coding sequences can be considered as an information source. In [39] , we proposed to measure the content of information carried by an information metamaterial using the information entropy, which is defined as
where x ∈ {0, 1} N , N is the number of coding units and P(x) represents the corresponding probability. Clearly, the entropy H 1 reaches its maximum value 1 as the appearances of digital states 0 and 1 on the coding units have equal possibility of 1/2 independently. Usually, the digital meta-atoms are programmed in a cluster way, and the adjacent meta-atoms are dependent on each other. For simplicity, we adopted the Markov random field to model the probability function P(x). In this case, the entropy reads for a pair of meta-atoms indexed by i and j, in which P ij is the joint probability of a group G(i, j), representing two adjacent meta-atoms, as shown in Figure 6B .
Using the above method, we can calculate the geometrical entropies of different coding patterns, as well as the physical entropies of corresponding EM radiation patterns. Three different coding patterns are given in Figure 6C -E, which are generated by a cellular automata machine by each time making a random exchange of two elements in a half "1" and half "0" coding pattern ( Figure 6C) . Figure 6D and E show the coding patterns obtained at the middle and final stages of the diffusion process, respectively. Figure 6F -H show the calculated radiation patterns. Apparently, the more random the coding patterns, the more random the radiation patterns are. By calculating the geometrical and physical The calculated scattering patterns at 10 GHz. It can be seen that there will be more scatterings as the coding pattern becomes more random, leading to a larger physical entropy. Adapted from [39] .
entropies of a series of coding patterns generated by the above process, we found a roughly proportional relationship between them as well [39] . This means that we are able to control the EM radiated information by designing the corresponding coding pattern with certain geometrical entropy. This discovery may be beneficial for designing novel functional devices and information systems. For instance, the information metasurface with relatively small geometrical entropy is desirable for designing highdirectivity antennas, whereas the information metasurface with relatively large geometrical entropy usually corresponds to random radiation patterns. This property is preferred in designing the single-sensor and singlefrequency imaging system.
Basic principles of information metamaterials
Designing the coding sequence of the information metasurface is usually classified as an NP-hard combinatory optimization problem. To address this difficulty, Liu et al.
proposed the so-called "scattering pattern shift" coding strategy, by which one can realize the almost continuous beam scanning in a simple way [27] . This idea is inspired by the well-known convolution theorem in the Fourier transform, in particular, the Fourier transform of the product of two time-domain signals is the convolution of their corresponding frequency-domain representations. Furthermore, this theorem can be degenerated as the frequency-shift function when one of the product terms is a Dirac-delta function, which can be analytically expressed as [27] Figure 7I illustrates the convolution of an arbitrary smooth signal ( ) f ω ( Figure 8G ) and a Dirac-delta function δ(ω-ω 0 ) ( Figure 7H ) in the frequency domain, resulting in a frequency-shifted signal Figure 7H ). Furthermore, if the arguments ω and t in Eq. (4) are replaced by sin(θ 0 ) and x λ = x/λ, respectively, we can obtain the expression of scattering pattern shift [27] rise to the rotation of the scattering pattern 0 (sin ) E θ to the desired direction by sinθ 0 . Importantly, the multiplication of the two coding patterns is the modulus of their digital codes, which can significantly reduce the computational complexity of the designing coding patterns. To better understand the principle of the scattering pattern shift, an example is provided in Figure 7A -F with three coding patterns and their scattering patterns. The crossshaped coding pattern ( Figure 7A ) has a five-beam scattering pattern ( Figure 7D ). When it is added by a gradient coding pattern ( Figure 7B ) having single-beam pointing in a certain direction (Figure 7E ), then the fixed coding pattern ( Figure 7C ) assumes the same five-beam scattering pattern, but is rotated to the direction of the single beam, as shown in Figure 7F .
To demonstrate the continuous scanning of the singlebeam radiation enabled by the scattering pattern shift, we calculate the attainable radiation angles by adding two gradient coding sequences with different super-unit-cell sizes and different grading directions. The following functions can be used to calculate the new radiation angle θ and φ from the θ 1 and θ 2 , which are the radiation angles of the coding pattern to be added, namely, θ = sin −1 (sin θ 1 ± sin θ 2 ), where θ 1 and θ 2 are the corresponding scattering angles of the two gradient coding patterns that are added. We could deduce with straightforward computations that nearly all visible angles (arbitrary θ and φ) can be covered, thus demonstrating the continuous scan ability of the new coding strategy.
A beam-steering application is illustrated to demonstrate the ability of scattering pattern shift in generating OAM-carrying beams with controllable shapes and directions. The OAM beam has an azimuthal phase dependence exp(iℓϕ) at the transverse plane denoted by xoy, which is perpendicular to the propagation axis denoted by z, where ℓ denots the topological charge of OAM beam, and ϕ is the polar angle defined below. A simple method for creating the OAM beam is to introduce a spiral-like phase shift via information metasurfaces, where the phase distribution of the information metasurface can be the specified digital quantization of Φ(x, y) = ℓϕ = ℓtan −1 (y/x). Figure 8A shows the coding pattern composed of 16 sectors and the successive phase step from a sector to another is ±45°. This rotated phase distribution can generate a vortex beam with OAM mode ℓ = 2. Specifically, if the rotated OAM coding is added with a periodic coding sequence "0000444 4…" varying along the y direction ( Figure 8B ) and a gradient coding sequence "01234567…" varying along the x direction ( Figure 8C ), the mixed coding pattern shown in Figure 8D generates four vortex beams symmetrically in the upper half space, which contain two vortex beams toward the −x direction and two vortex beams toward the +x direction, as displayed in Figure 8E . In this case, the deep null region of the four beams is about 20 dB lower than the annular high-intensity region, and the elevation angle θ and azimuth angle ϕ of the beams are the same as those in the coding pattern: θ = 36.1°; ϕ = 45, 135, 225 and 315°, respectively. Figure 8F and G present the simulated near-field distributions of the coding pattern shown in Figure 8A , in which the normalized intensity and phase distribution of the E y component are examined on the cross section perpendicular to the z-axis. The main feature of the spiral phase distribution obtained in Figure 8G clearly indicates that the vortex beam has the OAM mode of ℓ = 2. The above numerical simulation results demonstrate that the multiple vortex beams can be effectively generated by the proposed PancharatnamBerry (PB) coding metasurface. The OAM provides an additional degree of freedom for EM waves and holds important promise for channel multiplexing in communication systems. With the use of the information metasurface, the spin-controlled vortex beams carrying OAMs with different modes can be used to remarkably increase the wireless communication capacity without increasing the frequency bandwidth.
Information systems based on the information metamaterial

Programmable holograms
An immediate application of information metamaterials is to produce the programmable holograms with the high-rate-of-frame up to GHz and beyond. Over the past years, a large amount of metasurface holograms have been proposed and experimentally demonstrated in terahertz, infrared and visible regimes to achieve the holographic images of high efficiency, good image quality and full colors. Although the metasurface holograms offer extraordinary advantages, only the static holographic images have been reported thus far, because the phase/ magnitude profiles are fixed once the metasurfaces are fabricated. Li et al. proposed the first programmable hologram by using 1-bit reflection-type information metasurfaces [28] , which are experimentally confirmed in microwave frequencies. Figure 9A presents a sketch of the dynamic holograph imaging with a 1-bit information metasurface, where the 1-bit meta-atom is also inserted. Such 1-bit information metasurface is composed of 20 × 20 supercells, covering an area of 600 × 600 mm 2 . In each digital meta-atom, two planar symmetrically patterned metallic structures are printed on the top surface of the F4B substrate, with a PIN diode loaded between them. For each planar structure, four metallic holes are drilled through the substrate to connect the top structure with four pieces of separated grounds on the bottom surface of the substrate, which are used to apply the direct current (DC) bias voltage. By incorporating a PIN diode into the meta-atom of the information metasurface, the scattering state of each individual meta-atom can be controlled by applying different biased voltages across (top pannel) A sketch of the proposed dynamic holographic imaging. The metasurface in the middle is formed by an array of meta-atoms, each having a pin-diode welded between the two metallic loops and independently controlled by a DC voltage through a via (see the unit cell in the upper-left corner). A computer digitally controls the metasurface by dynamically changing the phase distribution (Holograms 1, 2, 3…) computed from the modified GS algorithm. Under the illumination of a feeding antenna (on the bottom right side), the metasurface hologram can successively project the holographic images (Frames 1, 2, 3… ) at the imaging plane (Zr), showing the letters "P," "K" and "U." (bottom panel) The experimentally observed holographic images (Ex-field intensity) of "LOVE PKU! SEU! NUS!" measured at the image plane of Zr = 0.4 m. Adapted from [28] . the diode. Then, by toggling different applied voltages to control the "On" and "Off" states of the diodes, the required distribution of "0" and "1" elements across the dynamic metasurface hologram can be achieved. In this way, a single information metasurface can accomplish various functions dynamically via the FPGA. Furthermore, Figure 9B (bottom) reports a set of experimental holographic images, namely, a sentence of "LOVE PKU! SEU! NUS!" In this experiment, we used the FPGA to control the PIN diodes in a parallel way, in which the FPGA clock rate is 100 MHz, corresponding to the time of each operation cycle of 10 ns. To change the PIN diode status in parallel, 3 operation cycles are needed after compiling. Thus, the total hologram reconfiguration time is around 33 ns. The proposed information metasurfacebased programmable holograms can be readily extended to exhibit multiple bits and both phase and amplitude modulations, which can lead to more advanced, efficient and versatile devices with adaptive and rewritable functionalities. Nonetheless, given that the spatial resolution of holographs is proportional to the scale of the programmable hologram, the large-scale hologram is required for generating the high-resolution holograph images. Thus, as emphasized previously, an important challenge that must be carefully addressed in the future is how to design the advanced controlling scheme of the information metasurface with the low hardware cost, low energy dissipation and low design complexity.
Li et al. have addressed several critical issues that are typically associated with the current static metasurface holograms, including simplicity, being rewritable, high image quality, and high efficiency. An immediate application of such a programmable hologram is to design the machine-learning driven programmable imager, where the radiation pattern desired by the machine learning, like the principle component analysis, can be generated by using the programmable hologram [47] . In this way, the number of measurements can be drastically reduced and real-time imaging can be readily realized. Here, we remark that the programmable hologram may also be realized at higher frequencies using the proposed methodology by constructing 1-bit phased light spatial masks. Several commercial switchable diodes, such as the Schottky diode at the terahertz [63] and the thermal VO 2 diode in the infrared-and-visible frequencies, may facilitate the frequency scaling [64, 65] . Additionally, by incorporating other phase-changing materials like Ge 2 Sb 2 Te 5 [66, 67] into appropriate nano-antenna designs, it is possible to extend our concept of dynamic metasurface holography to higher frequencies through dynamically modifying the phase of scattering from each individual antennas, while maintaining the same scattering magnitude.
Programmable imager
EM imaging is a long-standing goal in various applications across science, engineering and the military, which have seen ever increasing demand for real-time data acquisition and low-cost hardware. Nowadays, three types of imaging systems are widely utilized, i.e. the real-aperture (RA) system [68] , the synthetic-aperture (SA) system [69] and the aperture-coded computational imager [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] . The RA system is composed of massive antenna elements in a large aperture, which is more flexible in measurement modes but suffers from the big size, heavy weight, high power and high expense of hardware. On the contrary, the SA system relies on the mechanical movement of a single sensor (or a few sensors) to form a large scanning aperture virtually via data post-processing. Although it has relatively lower hardware cost compared with the phased array technique, the SA system suffers from data acquisition with very low efficiency. Recently, especially due to compressive sensing, various aperture-coded computational imagers have been proposed, among which the most well-known example is the so-called singlepixel camera [77] . Nonetheless, these imagers continue to suffer low data acquisition efficiency, because a series of random masks are switched in a sequential manner. To address this difficulty, an excellent contribution on the computational imager was developed by using dispersive metamaterials combined with a sparsity-regularized reconstruction algorithm dedicated to treat the sparse microwave scene [80] . Later, this technique was updated by using the array of the abovementioned metamaterials and then applied to human-body imaging [82] . However, due to the dispersive character of the probed object, the image quality is more or less restricted for complicated electromagnetic scenarios. In relation to this issue, the information metamaterials could provide an easyimplementation solution to resolve the aforementioned difficulties, due to their unique capability in arbitrarily manipulating the EM wavefronts.
Here, we illustrate a large-aperture, single-sensor microwave imager by utilizing the 1-bit intensity-coding information metasurface. As illustrated in Figure 10A , the proposed single-sensor imager is composed of three parts: (1) a single-frequency transmitter for launching an incident wave, (2) an information metasurface for generating the random masks for modulating the spatial wavefronts emanating from the transmitter and (3) a fixed receiver for collecting the scattering wave from the probed object. Each metasurface meta-atom has two distinct responses: being "1" when the applied DC voltage is at a high level, and being "0" otherwise. In this way, a sequence of quasi-random radiation patterns can be generated by managing the applied voltages of information metasurface, which could provide adequate measurement modes for the high-quality image. For reducing the complexity of controlling the bias voltages of the information metasurface, Li et al. proposed that the meta-atoms be manipulated in the column-row-wise manner [84] . Specifically, the information metasurface with N x × N y meta-atoms is controlled by using N x + N y coding sequences. More interestingly, they theoretically and experimentally demonstrated that the very simple column-row-wise coding metasurface has a theoretical guarantee to ensure that the required measurement number is comparable to that for the conventional pixel-wise encoded masks, while simultaneously maintaining nearly the same imaging quality [84] .
A set of proof-of-concept experiments are conducted to verify the performance of the proposed single-sensor microwave imager. To accomplish this goal, we fabricated a sample of 1-bit information metasurface shown in Figure 10C . In our imaging experiments, a vector network analyzer is used to acquire the response data by measuring the transmission coefficient (S21). More specifically, a pair of horn antennas are connected to two ports of the VNA through two 50-Ω coaxial cables with a length of 4 m: one cable is used for launching the incident wave, and the other for collecting the response data emanated from the probed object. These experiments are conducted to demonstrate the ability of the proposed coding metasurface to generate the controllable radiation patterns. The biased voltages of the coding metasurface in both column and row distributions could be digitally controlled by toggling different triggers, which control the "On" and "Off" states of the biased PIN diodes, thus realizing the required "0" or "1" state of each metasurface particle. Therefore, different quasi-random radiation patterns could be achieved. Then, two sets of imaging results are presented to demonstrate the performance of the proposed single-sensor imager. The "P" and "K"-shaped metallic objects are considered in the experiments, as shown in Figure 10E . The reconstruction results for "P" ("K") are provided in Figure 10I -N, considering different numbers of measurements M = 200, 400 and 600, respectively. The experimental imaging results clearly validate the feasibility of the proposed single-sensor imaging system based on the 1-bit information metasurface even with column-row-wise coding sequence.
On the basis of the theory of compressive sensing, the random measurement modes used in above programmable imager is knowledge-free, implying that a great amount of prior knowledge on the probed sample cannot be fully explored. In this way, the number of measurements for the purpose of real-time imaging remains impressive. As discussed in the programmable holograms, the information metamaterial can be used to produce the desirable complicated radiation patterns. More interestingly, Li et al. demonstrated that a 2-bit information metamaterial can produce the radiation patterns desired by the machine learning, such as the principle component analysis (PCA) [47] . Then, the information metasurface can be well trained with the machine learning technique when the training samples are available. In this way, the number of measurements can be drastically reduced, leading to the real-time imaging for complicated scenes.
Time-space-coding information metamaterials
The information metamaterial provides a versatile functional platform, over which the digital information coding and processing can be operated not only in the spatial domain, but also in the time domain. Then, such information metamaterials are referred as the time-space-coding information metamaterials, or time-modulated information metamaterials. In principle, the time-space-coding information metamaterial shares the same idea as that explored by the time-modulated or four-dimensional (4D) antenna array [85] [86] [87] [88] [89] [90] [91] , originally proposed by Shanks and Bickmore in 1959 [85] , where each antenna element is periodically or non-periodically switched "On" or "Off" in the time domain. The 4D antenna array lends itself to be more flexible in the beam scanning or forming, owing to the parameter-time can be electronically controlled, thus making it easier and more accurate to implement in reality. This motivation gives the birth of time-spacecoding information metamaterial. Similarly, the timespace coding information metamaterial can control both spatial (propagation direction) and spectral (frequency distribution) characteristics of the EM wavefields. In this way, the time-space-coding information metamaterial can substantially extend information metamaterial along the ways explored by phase switched screens [86] and timemodulated arrays [87] . As is known, given a signal, its time modulation can lead to fruitful high-order harmonics components. As a consequence, the time-space-coding information metamaterial allows us to arbitrarily manipulate the EM behavior at any harmonic frequencies. With this unique property, the time-space-coding information metamaterial could find valuable applications in wireless communication, radar and so on. For instance, a moving target, when being illuminated by a EM wave, will give rise to the Doppler frequency. The Doppler frequency could be manipulated by using time-space-coding information metamaterial. Thus, a moving target, when covered with the time-space-coding information metasurface, can give the deceptive EM response to the enemy sensor. From the viewpoint of signal processing, the time modulation is exactly the signal mixing, then a time-space-coding information metamaterial can serve as a signal mixer. Note that such a mixer is remarkably different from a convention mixer, because the former removes the nonlinear mixing components, the wide-band power amplifier and other associated accessory circuits. In this sense, the time-space-coding information metamaterial could fundamentally simplify the upper link of the current information systems. We will elaborate on this issue in the next section.
For simplicity, we consider a 1-bit phased meta-atom of time-space-coding information metasurface. Such meta-atom is controlled with a binary sequence {Γ n , n = 0, 1, …, N - 1}, then its associated reflectivity Γ(t) or ( ) Γ ω can be expressed as
where U(t) = 1 if 0 ≤ t ≤ T s , and zero otherwise. N is the length of the coding sequence, T s is the pulse width of a single coding bit and ( ) Γ ω is the Fourier transform of Γ(t). It can be immediately observed from Eq. (6) that the equivalent response characterized by ( ) Γ ω has the almost continuous coverage across the complex plane by appropriately designing {Γ n , n = 0, 1, …, N - 1}, although the coding meta-atom exhibits the binary reflection phase (0° or 180°). Consequently, the 1-bit time-space-coding information metamaterial can produce the far-field radiation pattern of multi-bit information metamaterials at the cost of increased switch time by a factor of NT s . Thus, the time-space-coding information metasurface can ease many practical applications including the 4D beam-forming and wireless communications, as argued previously.
Several time-modulated information metasurfaces have been investigated [87, [91] [92] [93] [94] [95] [96] . Here, we discuss the time-space-coding information metasurface developed by Zhang et al. [96] . This time-space-coding information metasurface, shown in Figure 12A , is of reflection-type, is composed of 1-bit phased meta-atom. The reflection coefficient of the time-modulated meta-atom is controlled by changing the bias voltage of the PIN diode. Here, the reflection phase of each meta-atom is periodically switched according to the digital "0/1" space-time-coding matrix, which can result in an equivalent multi-bit spacecoding, such as "0′," "1′," "2′" and "3′" (equivalent 2-bit case). For simplicity, the 2D information metasurface is spatially controlled in a column-wise manner [96] , implying that the digital elements at the same row share the identical controlling sequence. Then, the resultant timespace coding sequences can be stacked into a 2D matrix, termed as coding matrix, where one dimension comes from space and the other from time. Of course, this coding matrix becomes the 3D coding tensor if the metasurface meta-atoms are independently controlled. A critical issue to the multi-dimensional time-space-coding information metasurface is how to design the coding matrix (or coding tensor). This was solved by employing a BPS-based stochastic optimization algorithm in [96] . Exploring the property that the 1-bit time-space-coding information metasurface can produce the multi-bit phase/amplitude modulation, Zhang et al. generated vortex beams by using the 1-bit time-space-coding information metasurface configured with eight sets of time coding sequences, as illustrated in Figure 11C and D. In their experiments, the time-space-coding metasurface was spatially divided into eight sectors with rotated time-coding sequences, and each sector had the same time-coding sequence. The equivalent 3-bit space-coding patterns exhibit spiral-like amplitude ( Figure 11E ) and phase ( Figure 11F ) profiles, which is responsible for generating the vortex beam with the OAM mode ℓ = 1. The corresponding 2D and 3D scattering patterns at the central frequency are shown in Figure 11H and J, respectively. Being consistent with the characteristics of the desired OAM-carrying beam, a typical intensity profile with a hollow center can be clearly observed. 
New architecture of wireless communication system
Nowadays, wireless communication is experiencing everexpanding demands for massive wireless information transfer. Given the signal-to-noise ratio (SNR), the ultimate bound on the information capacity such communication systems can achieve is limited by the frequency bandwidth and the number of spatial channels. Thus, two possible options for expanding the amount of information transfer is to use either the bigger bandwidth or more spatial channels, both of which require expensive hardware costs. These difficulties could be relieved with the aid of time-space-coding information metasurfaces, which have been explored in recent years. The common idea behind these methods is to shape the ambient media of wireless communication, such that the effective number of the information channels or the energy allocation of the base communication station can be improved. For instance, Huang et al. demonstrated theoretically that the information metasurface, which they termed "intelligent surface," are helpful in improving the energy efficiency of power allocation of the base station by a factor of 300%, which apparently will produce positive effects on wireless channels [97] . del Hougne et al. demonstrated experimentally that the 1-bit phased reflection-type information metasurface configured with optimized coding sequences is helpful in improving the equivalent number of channels of 4 × 4 MIMO wireless communication [98] . These aforementioned methods are focused on expanding the spatial channels of wireless communication by using information metasurfaces. Now, a natural question arises up: Can the information metasurface simultaneously improve both the frequency bandwidth and the number of spatial channels? The answer, obtained by using the timespace-coding information metasurfaces, is encouraging as this enables us to manipulate the frequency-dependent spatial distributions of EM radiation, as emphasized in the previous section. Here, we investigate the physical mechanism behind the wireless communication based on the time-space-coding information metasurface. The block diagram of this communication system is illustrated in Figure 12C . The single-tone incident signal denoted by E i (t) with angular frequency ω c is emitted by a horn antenna to illuminate the time-space-coding information metasurface. We denote the time-modulated reflection coefficient of the time-space-coding meta-atom by Γ(t). Then, the reflection E r (t) of such a meta-atom, which is the product of Γ(t) and E i (t), can be expressed as
where * denotes convolution operation. Taking the fundamental fact into account that ( )
where δ is the Dirac-delta function. An important conclusion can be immediately drawn from Eq. (8) , that is, the reflection spectrum ( ) r E ω has been shifted to the vicinity of the carrier angular frequency ω c , and the signal shape is consistent with that of ( ).
Γ ω In principle, this is exactly the standard up-conversion in conventional information systems. However, such a novel up-conversion operation is a different conventional operation, because it completely removes the nonlinear mixing components, the wide-band power amplifier and the associated accessory circuits. As a consequence, it can be expected that this novel wireless communication has the overwhelming advantage over conventional communication in terms of lower complexity, lower cost and lower energy dissipation.
Here, we give an example of the time-modulated information metasurface based wireless communication proposed by Zhao et al. [99] , as shown in Figure 12 . The schematic of the down-link of such novel wireless communication is shown in Figure 12C and D, where the time-space-coding information metasurface is used to replace the analog-digital converter (ADC) and the RF network in the traditional heterodyne architecture. In their experiments, the so-called binary-frequency-shiftkey (BFSK) coding method is used to encode the transmitted information, as shown in Figure 12D . The BFSK signal transmission is carried out from the time-modulated information metasurface to a soft-defined radio (SDR) receiver. Following the conceptual diagram in Figure 12C and D, the process of information transmission can be divided into three major steps. First, a FPGA generates bit streams (such as 01101001…) of desired information (e.g. pictures and movies). Second, the bit streams are mapped to the corresponding coding sequences of the time-modulated information metasurface. Third, the EM waves carrying the digital information are transmitted to the receiver. The selected experimental results are provided in Figure 12E -H. From these results, we can conclude that the time-modulated information metasurface supports the high-quality wireless communication with the significantly simplified system. Moreover, the wireless communication system proposed by Zhao et al. and the all time-modulated digital meta-atoms of the information metasurface, share the same spatial coding sequences. Although such communication mechanism can be extended with the space-time joint modulation, in principle, obtaining the time-space-coding matrix for controlling the time-modulated information metasurface is a highly complex issue, due to the NP-hard combinatory optimization problem. In this sense, there is an urgent need to develop more advanced algorithms for finding the optimal 4D coding matrix of the time-space-coding information metasurfaces in the future.
Summary and outlook
Over the past a few years, the information metamaterials have received researchers' attention ( [42, 43, 100] and references in there), since the breakthroughs they generated are transforming how the EM information is acquired, processed and communicated. The information metamaterial works essentially as a wave-based information processing system, which could push the information system to have higher efficiency, lower cost, more flexibility and lower energy dissipation than the conventional one. In this article, we summarized the basic concepts and principles of information metamaterials as well as reviewed their developments in the past years. Partly due to the limited paper space, we focus primarily on the developments in microwave. However, the relevant concepts and methods can be readily extended to other frequencies and acoustic waves.
In view of the present trends of information metamaterials, we summarize two potential research directions aside from the aforementioned issues. As described in the introduction, the information metamaterial is the realtime information processing system, which could enable the wave-based signal processing on the physical layer of metamaterials. Thus, the first potential research direction is to explore the connection between the information metamaterial and various signal processing algorithms, and further develop the field programmable functional device for advanced wave-based signal processing. Recently, we noticed that several metamaterial-based analogy computation and image processing schemes have been proposed [101] [102] [103] [104] [105] , such as the algebra differential and edge enhancement in the field of optics. More recently, del Hougne and Lerosey experimentally demonstrated that the information metasurface supports almost all linear analogy computations, like the classical discrete cosine transformation (DCT), which may compete with modern electronic processors in terms of computation speed and energy efficiency [104] . More interestingly, an information metamaterial can be used to perform different computation tasks by simply changing its FPGA-based coding patterns. Second, we found that the multi-bit information metamaterial can realize almost arbitrary responses, implying that it can be mathematically treated as a user-defined convolution filter. As we know, the convolution kernels with arbitrary shapes are the central components in machine learning, especially convolutional neural networks. In this sense, the information metamaterial can act as the field program platform over which different wave-based machine learning algorithms can be implemented. Recently, we have demonstrated experimentally that different linear embedding methods, including the PCA, random projection and linear discriminant analysis (LDA) can be realized over the 2-bit information metasurfaces [47] .
In summary, the information metamaterial-enabled breakthroughs are transforming how the EM information are acquired, processed and communicated. We believe that the future information metamaterials should advance towards the intelligent systems featuring self-sensing, self-learning, self-adaptive and self-deciding functions.
